Zr-bearing coatings were fabricated on an AZ91D magnesium substrate by means of a two-step method. First, pure zirconium powder was plasma sprayed on the substrate and, subsequently, laser cladding was performed on top of the spray deposited layer. The process led to the formation of a zirconium coating containing zirconia. The coating comprises three layers; on top of the substrate is the plasma sprayed layer, followed by the laser re-melt layer and finally an outermost laser-clad layer. The microstructure and phase of the coating were studied. The results show that rapid solidification occurred in the laser-clad layer and resulted in a directional eutectic cellular and eutectic dendrite growth of (Zr) + ZrO 2 . The maximum velocity for co-operative lamellar growth of the (Zr) + ZrO 2 eutectic and its corresponding lamellae spacing were calculated based on the TMK model.
Introduction
Magnesium and its alloys are not only attractive for engineering applications but they are also considered to be appropriate metals for biomedical implants and devices. Indeed, much effort has been devoted to developing magnesium and its alloys as potential degradable biomaterials 1, 2) due to their low density, high specific strength and appropriate elastic modulus of about 40 GPa, which is much lower than most of the currently used metallic implant materials and is close to that of human bone. For a bioimplant material, a too high stiffness is not desirable, the problem being that a stiff implant would shield the nearby bone from mechanical stresses. This results in a type of disuse atrophy, bone resorbs, and subsequently loosening of the implant. In fact, biodegradable magnesium and its alloys have been explored for various surgical applications for more than one hundred years, 3) and as early as the beginning of the twentieth century, magnesium was reported as having been used to secure a fracture in a human leg. 4) Although the attempt failed, as the metal corroded too quickly, interest in using Mg for orthopaedic implants has not gone cold but remains strong. In fact, in recent years, there has been considerable interest in exploring the use of Mg and its alloys as degradable biomaterials. This is largely due to test results which found that the corrosion rate of Mg and its alloys, when tested in physiological environments, can be modulated to an acceptably low level through the use of high purity Mg, or new alloying systems and surface treatments. 58) On the other hand, it is considered that if the corrosion problem of Mg can be satisfactorily resolved, Mg and its alloys may become good candidates for long-term implantation applications.
To address the corrosion problem of Mg with a biocompatible coating, a previous study has shown that laser cladding of Zr on Mg is a promising solution. 9) A high wear and corrosion resistant Zr-based graded coating can be fabricated on AZ91D magnesium alloy by laser forming. Zr was employed because the metal and its oxides display excellent electrochemical properties and biocompatibility. 10, 11) The Zr-based graded coating has superior corrosion resistance when compared to the uncoated material.
9) The corrosion current density measured for the coating was three orders of magnitude lower than that of the untreated AZ91 material when tested in a simulated body fluid, namely Ringer's solution.
Notwithstanding the fact that Zr-based coatings can be fabricated on Mg alloys using laser cladding, the main challenges of overcoming the high chemical reactivity, and the relatively low melting and boiling points of Mg alloys cannot be easily overcome. It was found that there is only a very narrow processing window for producing good quality coatings. Recognizing this, the research has adopted a twostep approach to circumvent these problems. The two-step technique involved plasma spraying a Zr-coating on the Mg substrate first, and then a thicker Zr-coating was further deposited on top using laser cladding. Such a technique has been successfully employed to deposit stainless steel on ZK60/SiC Mg composite. 12) Using this technique can avoid excessive melting and boiling of the Mg substrate in the course of laser cladding. Laser cladding is required to increase the coating thickness because normally it is difficult to obtain good quality thick coatings using plasma spraying alone. This study focuses on the microstructure of the Zrbased coating formed under multi-layer cladding conditions.
Experimental Procedures
For the spraying of zirconium on the AZ91D substrate (nominal composition 9 mass%Al, 1 mass%Zn, balance Mg), a relatively low-velocity plasma spray system was employed. It was designed to provide a uniform heating effect on the metal powder with high deposition efficiency.
13) The plasma spray parameters used are given in Table 1 . The Zr powder for spraying was commercially pure with a mesh size of 200 300. The Zr powder was dried using a vacuum oven for 24 h prior to the experiment. After plasma spraying, laser cladding was employed to further deposit Zr on the AZ91D substrate using a 4 kW continuous wave CO 2 laser from Prima North America. The laser was equipped with a four-axis numerical control working table and a lateral powder feeder nozzle. Laser cladding was conducted inside a controlled-atmosphere glove box, where high-purity argon gas was continuously supplied at a flow rate of 10 litres per minute during the experiment. In the course of laser cladding, the laser beam was directed onto the plasma sprayed coating to create a shallow molten pool, and the Zr powder was delivered into the pool using a lateral powder feeder with the aid of a flow of argon gas. The feeding angle between the substrate and the powder feeder nozzle was 60°. The Zr powder was melted and subsequently re-solidified to form a laser-clad track. In order to create a coating, multi-tracks were produced with an overlapping percentage of 30%, and two layers were deposited. The total thickness of the coating was about 200 µm. A summary of the laser processing parameters is given in Table 2 .
The phases of the laser-clad layer, the AZ91D substrate and the plasma sprayed layer were determined with a Philips X'Pert X-ray diffractometer (XRD) using Cu-K¡ radiation at 40 kV and 30 mA. The specimens for microscopic study were ground with a series of emery papers and then finally polished with 0.5 µm diamond abrasives. To reveal the microstructure, the specimens were etched in a regent of 10 ml HF + 20 ml HNO 3 + 80 ml H 2 O. The microstructure was studied using a JEOL JSM-6490 scanning electron microscope equipped with energy dispersive X-ray spectroscopy (EDX). Figure 1 shows a cross-section of the Zr coating, which comprises a plasma-spray layer and a laser-clad layer with a total coating thickness of about 200 µm. The XRD results for the AZ91D substrate, the as-sprayed specimen and the laserclad specimen are presented in Fig. 2 . For the as-sprayed specimen, the coating consists three phases, i.e., a Zr solid solution (Zr), ZrO 2 and Zr 3 O. After laser processing, only (Zr) and ZrO 2 were detected in the laser-clad coating. These results show that both the plasma spray and the laser cladding have led to the oxidation of Zr. In addition to the XRD analysis, an EDX analysis of elements was also performed across the thickness of the coating and the results are shown in Fig. 3 . The EDX results show that there was no sign of mixing of the substrate material and the Zr overlay coating. Broadly speaking, the microstructure of the coating (Fig. 1) can be divided into three zones, i.e., the as-sprayed zone (I), the laser re-melted zone (II) and the laser-clad zone (III). Figure 4 presents the microstructure of the laser-clad coating in greater detail at various locations along the deposition direction of the laser cladding. Figure 4(b) shows the microstructure of the un-remelted plasma spray layer close to AZ91D substrate, and the layer consists of flattened lamellae of grey and white colours. An EDX analysis shows that the grey lamellae have a higher oxygen content than those of the white lamellae. These results together with the XRD results (Fig. 2) suggest that the former should be mainly corresponding to zirconium oxide ZrO 2 , while the latter is an O-rich solid solution (Zr). Lying above the plasma spray layer is a narrow zone of re-melted plasma spray structure (Fig. 4(c) ), where the crystal growth of fine zirconium oxides occurred. The re-melted zone was formed when the laser was used to produce a melt pool upon which Powder feeding rate (g/min) 1.1 Fig. 1 A cross-section of the laser-clad specimen.
Results and Discussion
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ig. 2 X-ray diffraction patterns of the AZ91D substrate, the plasma sprayed layer (PSL) and the laser-clad layer (LCL).
laser cladding was performed. Figures 4(d) and 4(e) show that some interesting microstructural changes occurred along the deposition direction. Initially, the crystal exhibited a kind of directional two-phase eutectic cellular growth (Fig. 4(d) ), and further towards the surface of the coating, a type of twophase eutectic dendritic growth of (Zr) and ZrO 2 occurred. For the cellular growth, a cooperative lamellar eutectic structure was obtained, while a mix of lamellar and anomalous eutectic structure was observed for the dendritic growth. The change from a cooperative lamellar to an anomalous eutectic structure is discussed in the following section.
Lamellar to anomalous eutectic growth
The equilibrium phase diagram of ZrO shown in Fig. 5 indicates that a two-phase eutectic structure is obtained at a composition of about 40 at%O. When considering the oxygen contents in locations IIIA and IIIB marked in Fig. 4 , they were measured to be 58.03 at% and 53.99 at%, respectively, and are much higher than that of the eutectic composition of 40 at%O. According to the phase diagram, a hyper-eutectic structure would form at such high oxygen content, in that the £-ZrO 2¹x phase, as the primary phase, would solidify first and very likely with a dendritic morphology. However, Fig. 4 shows that under the laser cladding condition, the ZrO melt initially solidified in the form of lamellar eutectic cells (Fig. 4(d) ) and then a mix of lamellar and anomalous eutectic structure (Fig. 4(e) ). Such an off-eutectic cooperative lamellar growth, perhaps, can be explained using the proposition of a coupled zone of eutectic of Kurz.
16) It is possible that there is a coupled zone, representing a growth of the composition/ temperature region, where the interface undercooling of eutectic growth is lower than that of the £ phase dendrite growth. Under such a growth condition, a cooperative lamellar eutectic structure can be obtained (Fig. 4(d) ). The formation of a cooperative lamellar eutectic structure at a higher oxygen content than the equilibrium eutectic composition suggests that, under the present laser cladding condition, a coupled zone of eutectic is located below the equilibrium eutectic temperature.
With regard to the transition of cellular growth (Fig. 4(d) ) to a two-phase eutectic dendritic growth (Fig. 4(e) ), it is mainly controlled by the growth velocity of the eutectic cells and the constitutional undercooling ahead of the solid/liquid interface. During the course of rapid solidification, both the 14) and Wang et al., 15) in which a possible coupled zone is included. Fig. 3 Element contents across the substrate and the laser-clad coating.
growth velocity of the eutectic cells and the constitutional undercooling ahead of solid/liquid interface increased gradually as the solidification front advanced towards the surface of the deposition. As this condition prevails, the solid/liquid interface would become unstable and lead to the development of eutectic dendrite growth.
To understand the eutectic growth of (Zr) + ZrO 2¹x , the growth condition was analysed using the TMK model, 17) which predicts eutectic growth morphology under rapid solidification conditions. Using this model, the eutectic interface temperature can be calculated by the relation,
where T eut is the nonequilibrium eutectic temperature, and ¦T e is the nonequilibrium eutectic undercooling, which can be found from the following two equations.
e ÁT e ¼ ma
where e is the lamellar spacing, and the definitions of the other terms are as follow.
where f is the volume fraction of the (Zr) phase associated with the (Zr) + ZrO 2¹x eutectic, a L 1 and a L 2 are the capillarity constants of the (Zr) and ZrO 2¹x phases, P e is the solutal Peclet number for eutectic growth, m 1 and m 2 are the equilibrium liquidus slopes of the (Zr) and ZrO 2¹x phases, respectively. V D ¼ D i =a 0 is the interface diffusivity speed, with a 0 being the characteristic interface thickness and D i the solute diffusivity across the interface. The physical parameters used for the calculation of the interfacial temperature and the maximum coupled growth velocity are given in Table 3 , and the results are presented in Fig. 6 , in which, a maximum growth velocity of 3.2 mm/s with a sudden drop in eutectic interface temperature is predicted. The results suggest that beyond this maximum growth velocity, a cooperative lamellar eutectic growth cannot be maintained, and the development of irregular anomalous eutectic structures would set in. This phenomenon was found to occur as solidification proceeded towards the surface of the coating (Fig. 4(e) ), where the maximum growth velocity was exceeded. The predicted maximum growth velocity (3.2 mm/s) for cooperative lamellar eutectic growth of (Zr) and ZrO 2¹x is considered to be acceptable, since the growth velocity increased from near zero at the bottom of the melt pool to approaching a maximum of 5 mm/s (corresponding to the laser scan velocity) at the top of the coating. Hence, it is believed that increasing the laser scan velocity beyond 5 mm/s would further inhibit the growth of the cooperative lamellar eutectic and on the other hand would favour the development of more anomalous eutectic structures. In addition to the prediction of the maximum growth velocity for the lamellar eutectic, the lamellae spacing of the eutectic cells in relation to growth velocity was also determined using the TMK model. The results show that at a maximum growth velocity of 3.2 mm/s, a lamellae spacing of 0.47 µm is obtained (Fig. 7) , which is considered to agree reasonably well with the measured mean value of 0.73 µm.
Conclusions
A zirconium coating containing zirconia was successfully fabricated on a commercial AZ91D substrate by a two-step method of plasma spraying and laser processing. Broadly speaking, the coating comprises three layers, i.e., a plasma sprayed layer, a remelted plasma spray layer and a laser-clad layer. In the laser-clad layer, two interesting features have been observed; the directional growth of (Zr) + ZrO 2 eutectic cells and a two-phase (Zr) + ZrO 2 eutectic dendritic growth towards the top of the coating. The solidification of cooperative lamellar eutectic cells is considered to be a result of an off-eutectic composition growth, and can be explained using the proposition of a coupled zone of eutectic of Kurz.
16) The TMK model was used to predict the maximum velocity for cooperative lamellar growth of (Zr) + ZrO 2 eutectic, as well the lamellae spacing of the eutectic structure, and the result on the spacing agrees reasonably well with the measured value.
